Mitochondrial tubular structures are maintained by a balance between membrane fusion and fission that is regulated by various factors, including Drp1 and mitofusin/fzo-1. Here we report the role of cardiolipin (CL) synthase in the regulation of mitochondrial morphology. Knockdown of CL synthase induced mitochondrial elongation in nematode and human cells. Knockdown of both nematode cardiolipin synthase and drp-1 or fzo-1 suggested that knocking down CL synthase decreases mitochondrial division. Mass spectrometric analysis of human CL synthase-knocked down cells revealed a decreased amount of CL and an accumulation of phosphatidylglycerol, a CL precursor. Knockdown of other genes involved in CL synthesis did not influence mitochondrial morphology. Thus, mitochondrial elongation may result from the accumulation of phosphatidylglycerol rather than decreased CL.
Mitochondria are highly dynamic organelles that continually divide, move frequently within the cytoplasm, and connect randomly with each other, leading to the formation of tubular network structures [1] [2] [3] . Membrane dynamics are crucial for maintaining mitochondrial functions, including oxidative phosphorylation and cell proliferation [4] [5] [6] . Extensive evidence indicates that several GTPases, e.g., Drp1, OPA1, and mitofusin (fzo-1 in nematode), directly govern mitochondrial membrane fusion and fission reactions. Drp1 drives mitochondrial membrane fission events, whereas mitofusin and OPA1 are individually implicated in fusions between the outer and inner membranes, respectively [7] [8] [9] [10] . Mitochondrial tubular networks are maintained by an exquisite balance between membrane fusion and fission that is regulated by GTPases.
Cardiolipin (CL) is an anionic phospholipid localized exclusively in mitochondria [11] . CL comprises approximately 10% to 15% of the total phospholipids in the mitochondria and contributes strongly to a variety of mitochondrial events, including complex formation of respiratory chains, maintenance of cristae structures, and translocation of proteins into the mitochondria [12] [13] [14] . In the mitochondrial inner membranes, CL is synthesized from phosphatidylglycerol (PG) and CDP-diacylglycerol by CL synthase. PG is also generated in the inner membranes by enzymatic conversion from CDP-diacylglycerol and glycerol-3-phosphate, followed by subsequent dephosphorylation.
Biosynthetic defects of mitochondrial phospholipids cause changes in the mitochondrial morphology, including the cristae structures, which might be due to an imbalance of lipid constituents in the mitochondrial membranes [14] [15] [16] . CL also helps mitochondrial GTPases achieve membrane fusion and fission events. CL functions cooperatively with OPA1 in heterotypic membrane fusion between the inner membranes [17] . Drp1 is preferentially associated with membranes containing CL, leading to membrane recruitment and GTPase activation of Drp1 for membrane division [18] [19] [20] .
We previously identified genes involved in maintaining mitochondrial morphology by systematic RNA interference (RNAi) screening using the nematode Caenorhabditis elegans [21] . In the present study, we report that knockdown of CL synthase led to the elongation of mitochondrial filaments in both nematode and human cultured cells. Mass spectrometric analysis revealed a decrease in the amount of CL and an accumulation of PG when the gene for CL synthase was knocked down. Interestingly, downregulation of other genes required for CL synthesis did not lead to changes in the mitochondrial morphology. Our results suggest that PG accumulation, and not CL reduction, causes mitochondrial elongation.
Materials and methods

Strains and culture conditions
The C. elegans strains, wild-type Bristol N2 and crls-1 (tm2542) deletion mutant (kindly provided by Dr. Mitani) were maintained at 20°C on nutrient growth medium (NGM) agar plates seeded with Escherichia coli cells, using standard techniques [22] .
Feeding RNA interference
Feeding RNAi was carried out as previously described [21] . E. coli cells expressing double-stranded RNA (dsRNA) specific to the corresponding target gene were essentially obtained from a C. elegans RNAi feeding library (MRC Geneservice).
Vital staining using fluorescent dyes was performed as described previously [23] . L1 larvae were cultured at 20°C for 24 h on NGM agar plates seeded with dsRNA-expressing E. coli cells. For vital staining, 150 lL of the fluorescent dye solution (5 lM Mitotracker Red CMXRos, Invitrogen) was added to the NGM plates and the worms were further incubated for 24 h. Mitochondrial morphology in the body wall muscles of the stained worms was analyzed under a fluorescence microscope. Worms with mitochondrial filaments longer than 30 lm were scored as "Elongation". Live images were acquired using a confocal laser-scanning microscope LSM510 (Carl Zeiss Inc., Thornwood, NY, USA).
Cell culture and siRNA transfection
HeLa cells stably expressing a mitochondria-targeted red fluorescent fusion protein (mito-RFP) [24] were maintained at 37°C in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 4.5 mgÁmL À1 glucose.
Cells were transfected using Lipofectamine 2000 (Invitrogen) with the following small interfering RNA (siRNA) duplexes: CRLS1#1 (target sequence, atttcgagagatgtaatgttgat), CRLS1#2 (target sequence, tgttggatggatttattgctcga), and PGS1 (target sequence, agccctcgggttccatccgttta).
Immunoblotting
Immunoblotting was performed essentially as described previously [25] . The proteins were detected using the Immun-Star AP Chemiluminescence kit (Bio-Rad) with the following primary antibodies: CRLS1 (Abnova, PAB24613; Taipei, Taiwan), PSG1 (Abgent, AP17706c; San Diego, CA, USA), and ATP synthase F1a (Abcam, clone 15H4C4; Cambridge, UK).
Live image analysis
HeLa cells expressing mito-RFP were cultured for 24 h after siRNA transfection, and the mitochondrial morphology was analyzed under a fluorescence microscope. For vital staining with Mitotracker Red CMXRos, siRNAtransfected cells were incubated for 30 min with 50 nM of the fluorescent dye. Live images were acquired using confocal laser-scanning microscopes (LSM510 and LSM800, Carl Zeiss Inc). Cells with mitochondrial filaments longer than 15 lm were scored as "Elongation". The values (mean AE SEM) of the changes in the mitochondrial morphology were calculated from data obtained from at least three independent experiments using more than 100 individual cells. Statistical significance was analyzed by applying a two-tailed Student's t-test.
Preparation of the mitochondria-enriched fraction
The mitochondria-enriched fraction was prepared as described previously with minor modifications. HeLa cells were suspended in homogenization buffer (10 mM Hepes-KOH [pH 7.4], 70 mM sucrose, and 0.22 M mannitol) supplemented with Complete TM EDTA-free Protease Inhibitor Cocktail (Roche Diagnostics), homogenized by passing 30 times through a 27-gauge needle, and then centrifuged at 900 9 g for 5 min to remove nuclei and unbroken cells. The resulting supernatant was further centrifuged at 5000 9 g for 10 min and the precipitates were applied as a mitochondria-enriched fraction for immunoblotting and mass spectrometry (MS) analysis.
Lipid extraction and MS analyses
Mitochondria-enriched fractions (160 lg protein) were precipitated by centrifugation (20 600 9 g, 4°C) for 15 min. The precipitates were resuspended in 0.1 mL Milli-Q water, mixed with 0.9 mL chloroform/methanol (2 : 1, vol./vol.), and then vortexed for 15 min. We then added 0.2 mL of 0.1 M HCl with 0.1 M KCl before vortexing further for 10 min. After centrifugation (800 9 g) for 2 min, the organic phase was collected and dried under nitrogen gas. The resultant lipid film was dissolved in 0.5 mL methanol containing 10 mM ammonium acetate, injected into a Turbo V electrospray ion source using a syringe pump with a flow rate of 10 lLÁmin À1 , and analyzed by direct infusion MS using a 3200 QTrap system (SCIEX). Phospholipids were ionized by negative ion mode electrospray ionization and ionized fragments were detected by MS. Fragment ions of phospholipids observed in the MS spectra were then confirmed by MS/MS in the negative ion mode.
Results
Knockdown of crls-1 causes mitochondrial elongation in C. elegans body wall muscles A systematic RNAi screening revealed that 599 C. elegans genes coding for mitochondrial proteins are involved in maintaining mitochondrial morphology in the body wall muscles [21] . Of these 599 genes, knockdown of only 25 genes resulted in elongated mitochondria. Among them, the gene for CL synthase (crls-1) was analyzed further because it is implicated in phospholipid synthesis [26] . In the previous screening, ectopic expression of mitochondria-targeted fluorescent proteins in the body wall muscles was applied to visualize mitochondrial morphology. To avoid the effects of exogenously expressed proteins on morphology, we used Mitotracker Red CMXRos, a membrane potential-dependent mitochondrial dye. Mitochondrial elongation was reproducibly observed in the body wall muscles of the crls-1 knocked-down worms, compared with control worms fed bacteria expressing doublestranded RNA specific to green fluorescent protein (GFP) (Fig. 1A) . More than 70% of the crls-1 mutants exhibited elongated mitochondria (Fig. 1B) . Furthermore, mitochondrial elongation was clearly observed in the crls-1 deletion mutants (Fig. 1A, lower panel) .
The results indicate that silencing of crls-1 causes mitochondrial elongation.
Mitochondrial membrane dynamics are regulated by a balance of membrane fusion and fission. To examine the effect of crls-1 gene silencing on membrane dynamics, crls-1 was knocked down simultaneously with either fzo-1 or drp-1, genes that are required for mitochondrial fusion or fission, respectively [5, 9] . As reported previously [21] , fzo-1 knockdown induced severe mitochondrial fragmentation (Fig. 1C, left lower  panel, Fig. 1D ), indicating that only membrane fission occurs when membrane fusion is impaired. In contrast, elongated mitochondria were clearly observed when both fzo-1 and crls-1 genes were knocked down (Fig. 1C, left middle panel) . Sixty-six percent of the double knocked-down mutants exhibited moderately elongated mitochondria (Fig. 1D) , although the length of the elongated mitochondria was slightly shorter than that in the crls-1 mutants. Thus, membrane fission may be diminished by crls-1 knockdown. The drp-1 knocked-down mutants exhibited distinct elongated mitochondria that were occasionally connected side by side, as reported previously [27] , indicating that membrane fusion was predominately active. The phenocopies of drp-1 knockdown were unaffected even when knocked down simultaneously with crls-1 (Fig. 1C , right panels). These findings suggest that mitochondrial elongation induced by crls-1 downregulation is due to the inhibition of membrane division rather than the promotion of membrane fusion.
Effects of genes involved in CL synthesis on mitochondrial morphology
CL is synthesized from phosphatidic acid through four steps in the mitochondrial inner membranes and eventually remodeled to achieve the correct acyl composition [11] . Five genes, including crls-1, are responsible for catalyzing the enzymatic reactions ( Fig. 2A) . To examine the role of the CL synthetic pathway in mitochondrial morphology, we knocked down each of four genes involved in CL synthesis (Y71F9B.2, pgs-1, F28C6.8, and acl-3). Unexpectedly, knockdown of one of these genes induced no change in the mitochondrial morphology (Fig. 2B,C) , suggesting that inhibition of CL synthesis does not lead to mitochondrial elongation.
A previous study demonstrated that crls-1 downregulation leads not only to a decrease in CL synthesis but also to an accumulation of PG in worms [26] . Sole knockdown of the genes involved in PG synthesis (Y71F9B.2, pgs-1, and F28C6.8), however, did not change the mitochondrial morphology (Fig. 2C) . Among these genes, pgs-1 is implicated in cristae formation [26] . To test whether PG synthesis is necessary for mitochondrial elongation induced by silencing crls-1, we simultaneously knocked down pgs-1 and crls-1. The double knocked-down mutants exhibited normal mitochondrial morphology; that is, the mitochondria were not elongated (Fig. 2D) . The mitochondrial morphology did not differ significantly between pgs-1/crls-1 and pgs-1/GFP double knocked-down mutants, indicating that pgs-1 knockdown epistatically suppresses mitochondrial elongation induced by crls-1 silencing. A similar result was obtained when pgs-1 was knocked down in crls-1 deletion mutants (Fig. 2D ). Like mutants with psg-1/crls-1 double knockdown, mutants with simultaneous knockdown of Y71F9B.2 and crls-1 exhibited normal mitochondrial morphology (Fig. 2E) . In contrast, when acl-3 was knocked down together with crls-1, mitochondrial elongation was observed (Fig. 2E) . The results suggest that PG synthesis is a prerequisite for mitochondrial elongation induced by crls-1 knockdown. Taken together, mitochondrial elongation mediated by crls-1 silencing may be due to an accumulation of PG rather than the inhibition of CL synthesis.
Knockdown of human CRLS1 leads to a CL decrease and PG accumulation
To further analyze the role of CRLS1 in mammalian cultured cells, human CRLS1 was knocked down in HeLa cells using two different siRNAs. At 24 h after siRNA transfection, CRLS1 was reduced by more than 70% (Fig. 3A) . It should be noted that human CRLS1 was detected as a 16-kDa band on sodium dodecyl sulfatepolyacrylamide gel electrophoresis despite its predicted molecular mass of 32.6 kDa, which may be explained by the putative features of CRLS1 protein; e.g., a long and cleavable mitochondria-targeting sequence (80 amino acid residues) and five hydrophobic membrane-spanning regions. To measure the decrease in the amount of CL and accumulation of PG, mitochondria-enriched fractions prepared from CRLS1 knocked-down cells were analyzed by MS. HeLa cell membranes have negligible amounts of PG [28] . PG accumulation, however, was clearly detected when CRLS1 was downregulated (Fig. 3B) . The amount of CL was significantly decreased in CRLS1 knocked-down cells (Fig. 3C) , although some CL was still detected despite the efficient knockdown of CRLS1 protein (Fig. 3A) , which may be due to differences in the rate of catabolism between the protein and the phospholipid. These results demonstrate that gene silencing of CRLS1 induces an accumulation of PG and a decrease in CL in mammalian cells.
Downregulation of CRLS1, but not PGS1, induces mitochondrial elongation
To determine the functions of CRLS1 in the mitochondrial morphology of mammalian cultured cells, we used HeLa cells stably expressing mito-RFP, which are suitable without fixation for analyzing mitochondrial morphology [24] . At 24 h after transfection with CRLS1-specific siRNA, cells with elongated mitochondrial filaments were often observed (Fig. 4A ) and approximately 25% of the CRLS1 knocked-down cells contained elongated mitochondria (Fig. 4B) . Similar results were obtained using two different siRNAs targeting CRLS1. Mitochondrial elongation in the CRLS1 knocked-down cells was confirmed by vital staining with Mitotracker Red CMXRos (Fig. 4C,D) , indicating that mitochondrial elongation is not caused by ectopic expression of mito-RFP. Thus, CRLS1 knockdown causes mitochondrial elongation in mammalian cells, similar to worm body wall muscles. Notably, the number of cells with elongated mitochondria gradually diminished over 48 h, whereas cells with an abnormal mitochondrial morphology appeared after 24-h incubation. In particular, , and cultured for 24 h. Live images of mitochondria were collected by confocal microscopy. Scale bar, 10 lm. (B) Cells transfected with the indicated siRNA were incubated for 24 h and mitochondrial morphology was analyzed. Data represent the mean AE SEM of three independent experiments; >100 individual cells were counted. **P < 0.00001. (C) Cells transfected with siRNA for either Luc or CRLS1#2 were cultured for 21 h and then stained with Mitotracker Red CMXRos. Live images of mitochondria were obtained by confocal microscopy. Scale bar, 10 lm. (D) Cells transfected with the indicated siRNA were incubated for 21 h and mitochondrial morphology was analyzed. Data represent the mean AE SEM of three independent experiments; >100 individual cells were counted. *P < 0.005. (E) Cells transfected with the siRNA (CRLS1#2) were incubated for 48 h. Live images of mitochondria were collected by confocal microscopy. High magnification of the images (panels i and iii) is shown in panels ii and iv, respectively. Scale bars, 10 lm. Arrows represent circular mitochondria (panel ii) and nonuniform widths of mitochondria (panel iv). (F) Cells transfected with the indicated siRNA were incubated for 48 h and mitochondrial morphology was analyzed. Data represent the mean AE SEM of three independent experiments; >100 individual cells were counted. **P < 0.00001, ***P < 0.0000001. (G) Mitochondria-enriched fractions were prepared from HeLa cells transfected with siRNA for either Luc or PGS1 and were subjected to immunoblot analysis using antibodies against PGS1 and ATP synthase a subunit. (H) Cells transfected with the indicated siRNA were incubated for 24 h and their mitochondrial morphology was analyzed. Data represent the mean AE SEM of three independent experiments; >100 individual cells were counted. n.s., not significant (P > 0.05).
cells with circular or C-shaped mitochondria prominently appeared at 48 h after siRNA transfection (Fig. 4E, panels i, ii, arrow; Fig. 4F ). Additionally, mitochondria with nonuniform widths were observed (Fig. 4E, panels iii, iv, arrows; Fig. 4F) . A previous study reported that human HCT116 cells lacking the CRLS1 gene have a normal mitochondrial morphology [29] , which is inconsistent with our findings. The differences in mitochondrial morphology may be a consequence of compensatory mechanisms in surviving cells with CRLS1 gene knockout. In contrast to CRLS1 downregulation, PGS1 knockdown did not influence mitochondrial morphology even after 48 h of siRNA treatment (Fig. 4H) , despite a significant reduction in the amount of PGS1 (Fig. 4G) . These findings indicate that downregulation of CRLS1, but not PGS1, induces transient mitochondrial elongation in mammalian cells, and strongly support the notion that PG accumulation leads to mitochondrial elongation.
Discussion
The findings of the present study demonstrated that downregulation of CL synthase led to mitochondrial elongation in nematode body wall muscles and human cultured cells. C. elegans is a model organism suitable for searching for genes involved in mitochondrial morphology based on systematic RNAi screening [21, 30] . The primary functions of the genes identified in the screenings using nematode appear to be preserved among multicellular organisms [23, 31] . Likewise, knockdown of CL synthase genes gave rise to the same phenocopies in nematode and human cells, suggesting conservation of some aspects of the mechanisms underlying the phospholipid-mediated membrane dynamics of mitochondria.
MS analysis of the mitochondria-enriched fractions prepared from CRLS1-knocked down HeLa cells revealed both a decrease in the CL amount and an accumulation of PG. Similarly, a CL decrease and PG accumulation are reported in crls-1 knocked-down worms [26] . As CL is a mitochondria-specific phospholipid, it is implicated in a variety of mitochondrial functions, including the formation and activity of supercomplexes of respiratory chains and protein import through the outer and inner membranes [13, 32] . Therefore, dysfunction of CL synthesis leads to deficiencies in cell growth and development. Homozygous crls-1 deletion mutants were sick and sterile, due to defects in germ cell proliferation [26] . Failure in germ cell division is also observed in pgs-1 null mutants [26] , suggesting that a decrease in the CL amount is a primary defect in germ cell development, unlike mitochondrial morphology. In membrane dynamics, CL is crucial for activating the GTPase OPA1, which is required for mitochondrial membrane fusion [7, 33] . Recent in vitro analysis using proteoliposomes demonstrated that a heterotypic combination of OPA1 and CL stimulates membrane fusion in a GTP hydrolysis-dependent manner [17] . Consequently, CL deprivation inhibits membrane fusion, a finding that is inconsistent with our result that mitochondrial elongation was induced by knockdown of CL synthase. Thus, a decrease in the CL amount appears not to be a primary cause of mitochondrial elongation mediated by gene silencing of CL synthase.
Downregulation of CL synthase caused the accumulation of PG, in addition to a decrease in the CL amount. PG is a rare phospholipid in animals, whereas it is abundant in bacteria and plants [34] . In mammals, PG comprises major constituents of lung surfactant and is involved in viral infection [28] . X-ray structural analysis identified four PG molecules as integrated components of bovine cytochrome c oxidase, suggesting that PG plays a role in the oxygen transfer mechanism [35] . The physiologic roles of PG, however, mostly remain obscure because it is generally assumed to be a CL precursor. Simultaneous knockdown of crls-1 and fzo-1 led to significant elongation of mitochondrial filaments, indicating that crls-1 knockdown may inhibit mitochondrial division. The GTPase Drp1 plays a pivotal role in achieving mitochondrial division [1, 10] . Phosphatidic acid, an anionic phospholipid in mitochondrial membranes, suppresses Drp1 activation on the surface of the outer membranes, thereby blocking mitochondrial division [36] . Therefore, it is possible that the unusual accumulation of another anionic phospholipid PG interferes with membrane division via Drp1 inactivation. Moreover, Drp1 inactivation may be enhanced by a decrease in the CL amount, because Drp1-mediated mitochondrial division requires CL [18, 20] . Indeed, both an accumulation of PG and a decrease in CL contribute to the formation of large mitochondrial sheets in yeast mutant cells lacking the CL synthase gene [37] . In human cultured cells, mitochondrial elongation occurred transiently over a 48-h period after transfection with CRLS1-specific siRNA, whereas the crls-1 deletion mutants exhibited mitochondrial elongation as a terminal phenotype. Additionally, only 25% of human CRLS1 knocked-down cells contained elongated mitochondrial filaments, whereas over 70% of crls-1 knocked-down worms contained elongated mitochondrial filaments. A previous study in yeast showed that the accumulation of excess PG is eliminated by a phospholipase C-type degradation mechanism [38] . Thus, the duration and frequency of mitochondrial elongation induced by CL synthase knockdown may depend on distinct catabolic rates of excess PG in organisms. Further investigation is needed to unveil the physiologic roles of anionic phospholipids, including PG, in mitochondrial morphology and membrane dynamics.
